Abstract -Ultra wideband (UWB) wireless systems have many advantages in indoor environments with dense multipath. UWB positioning systems are increasingly used in indoor environments to track and locate important assets. Many applications exist in medicine for UWB positioning which includes tracking personnel, assets, and even surgical navigation. We have designed a UWB positioning system with millimeter range accuracy with potential use in surgical navigation. This paper outlines a multi-tag access scheme for our UWB positioning system which integrates a 2.4 GHz physical layer to allow simultaneous tracking of up to 30 UWB tags. A static experiment was performed with two UWB tags while switching between the tags at 20 Hz. Millimeter accuracy was achieved even when tracking two tags. A 10% system latency was experienced when adding the multi-tag overhead, although a 744 Hz system update rate was still achieved. Asynchronous communication between the FPGA and microcontroller at the main control station ensured correct synchronization of the 3-D positioning data and corresponding tag ID. Future work includes a full dynamic experiment with simultaneous tracking of 5-10 tags.
I. INTRODUCTION
Ultra-wideband (UWB) indoor positioning systems have gained widespread use in a variety of indoor applications requiring higher accuracy than achievable through conventional wireless technologies (e.g. radio frequency identification (RFID), wireless local-area-networks (WLAN), etc.). For example, the UWB real-time location system (RTLS) offered by Zebra Enterprise Solutions integrates with other RTLS which utilize technologies such as global positioning system (GPS), RFID, and WLAN [1] . The Zebra Enterprise Solutions UWB system targets indoor applications which require 3-D accuracy of 10-15 cm. We have developed a non-coherent indoor UWB positioning system which targets high precision applications and subcm 3-D accuracy in the range of 5-6 mm [2] . Our system targets even higher accuracy applications than currently achievable with commercial UWB indoor positioning systems which includes surgical navigation, smart surgical tools, high precision tracking in body-area-networks, and tracking and detection of nuclear materials. Our system outlined in [2] does not employ a multi-tag access scheme yet, and therefore only one tag was tracked in conducting the experiments outlined in [2] . Fig. 1 . UWB tag employing 8 GHz on-off-keying (OOK) for digital communication [3] .
As outlined in [3] , we have experimentally tested a multitag access scheme which utilizes an on-off-keying (OOK) approach where our 8 GHz local oscillator (LO) is used in transmitting the digital information and an 8 GHz detector integrated with a comparator is used on the receiver side to convert the OOK signals back to digital. Although the multi-tag scheme shown in Fig. 1 was able to provide data rates in excess of 100 kbps and uses only 5 mA at 3.3 V in transmit mode and 2 mA at 3.3 V in receive mode, the operating range between the transmitter and receiver for indoor applications is unacceptably low at 3.14 m due to the available transmittable power at 8 GHz indoors being limited to -41.3 dBm as specified for UWB by the Federal Communications Commission [4] .
Conversely, extensive work has been done in standardizing multi-tag access for various UWB applications by the IEEE 802.15 task groups. This includes UWB-impulse response (UWB-IR) for low data rate applications (802.15.4a task group) and changes to the physical layer (PHY) and medial access control (MAC) layer to be amended to 802.15. 
II. MULTI-TAG ACCESS SCHEMES
The physical layers considered for use by the IEEE 802.15.4f task group are shown in Table I . The theoretical bit-error-rate (BER) for UWB OOK, PPM, and BPSK as well as 2.4 GHz minimum shift keying (MSK) for an additive white Gaussian noise (AWGN) channel is shown in Fig. 2 . A theoretical analysis on UWB BER performance can be found in [7] . It is apparent from Fig. 2 that MSK and BPSK achieve better BER performance compared to PPM and OOK. However, both MSK and BPSK rely on accurate phase information, which requires an accurate channel estimation at the receiver. As discussed in [7] , even when analyzing the BER in realistic channel environments including the residential line-of-sight (LOS) IEEE 802.15.4a channel model, BPSK only achieves a 3-4 dB improvement compared to simplified approaches such as PPM and OOK. Also, BPSK requires an accurate channel estimation, which is a large assumption for indoor environments with a dense number of scatterers. Our UWB localization system utilizes a low cost 2.4 GHz physical layer which adheres to the guidelines of the 2.4 GHz layer outlined by the 802.15.4f task group.
III. MULTI-TAG UWB LOCALIZATION
The integrated UWB tag including a 2.4 GHz transceiver, microcontroller, and chip antenna is shown in Fig. 3 . The EZ430-RF2500 receives signals from the control station broadcasting unique tag IDs. The microcontroller regulates the DC power and an RF switch to control when the UWB tag transmits pulses for the TDMA scheme. The overall specifications for the multi-tag UWB positioning system are shown in Table II where the RF system has an operating range of 100 m while the UWB system range is limited to 13 m. The power consumption is dependent on the refresh rate of the tag (3.8-10.3 mW for refresh rates of 1-20 Hz). Battery lifetime ranges from 10-27 days depending on the refresh rate (20-1 Hz). The 2.4 GHz RF transmit power is -1 dBm while the UWB transmit power is -7.8 dBm integrated across the whole frequency range of the UWB signal (5.4-10.6 GHz). The UWB receiver sensitivity of -75.3 dBm is limited by the wide bandwidth of the UWB signal (5.2 GHz bandwidth) compared to the narrowband 2.4 GHz system with a receiver sensitivity of -88 dBm. The overall multi-tag access scheme is a TDMA approach which allows for adhoc networking of the UWB tags. This concept is illustrated in Fig. 4 where new tags are "discovered" and incorporated into the overall wireless sensor network. It should be noted that the ad-hoc networks are limited by the range of the UWB signals (13 m from Tx-Rx). Additional base stations are needed to expand the overall coverage of the system. One EZ430-RF2500 module (termed the Access Point MCU) is needed at the CPU and is directly connected to the field programmable gate array (FPGA) through two digital lines, comprising the main control station. 
IV. EXPERIMENTAL RESULTS
A static experiment was undertaken using two tags to test the full multi-tag UWB positioning system. Figure 8 shows a block diagram of the experiment where the Access Point MCU communicates with the tag MCUs for tags 1 and 2 to implement the TDMA scheme. The experimental setup with two UWB tags and an optical probe is shown in Fig. 8 . A C++ user interface was designed for monitoring the tags including their 3-D position, 3-D error, temperature, and battery voltage.
The overall system update rate was measured at 744 Hz while switching between the two tags 20 times per second, which provides at least a 35-40 Hz update rate for up to 20 tags. The control station synchronization was verified by all 3-D positions being correctly attributed to the corresponding tag. The static 3-D accuracy for the two tags was between 2-3 mm with average update rates for the tags of 378 Hz for tag 1 and 366 Hz for tag 2 while the experiment was run over a duration of 274 seconds. This constitutes 103,853 points for tag 1 and 100,199 points for tag 2. The addition of the TDMA approach adds a 10% latency to the overall system update rate for up to 20 tags. Above 20 tags, the overall system latency may increase. Also, above 20 tags, the tag update rates may slow, approaching 5-15 Hz. This could begin to degrade 3-D dynamic accuracy and will set an upper bound to the total number of tags while maintaining mm-range accuracy to somewhere around 30. Possible ways to increase this number include optimizing the MCU firmware to reduce the latency in tag-Access Point communication and creating multiple cells, each using its own TDMA scheme, which would allow this multiple access scheme to scale to greater numbers of tags. 
V. CONCLUSION
We devised a multi-tag access scheme for our UWB positioning system. Future work includes a full 3-D dynamic experiment where 5-10 tags are tracked in realtime while moving around the view volume.
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